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By Robert W. Borne, Jr. 

The present  paper  describes a way in  which the data of three 
previous reports may be u t i l l z e d  t o  cmpute the incompressible  flow 
fields f o r  cowUng-splzmer conibinatiane and open-nose W e t s  f o r  use 
iri the  design of propeller shmiks and cuf fs .  'Ifhe paper also  shows i n  
general how the flow f i e l d  of an unyawed body of revolution mag be  found 
if its pressure  distribution is ham, and presents the f i e l d  of a r ing 
vortex, which is ueal in these calculations, in 8 more convenient form 
t u .  in the  gaper fram which it was obtained. 

The method cansists of regaxding the cowling surface as replaced by 
a ring vortex  sheet whose strength a t  any point is equal t o  the l o c a l  
tangentid  velocity.  The field of the ring vortex sheet is  fntegrated 
to give the induced. velocit ies of the  body. 
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The accuracy of the method is  verified by a cumgarison with w e r i -  
. mental results.  The method- is rigorous only f o r  axially symmetric bodies t 

at zero esgle of attack, but a n  appraximte method yfelds reeults that 
agree with experimental  -values a t  radii greater than the maximum cowling 
radius a t  loo an@ of attack. 

The application of the qrandtl-Glauert rule for  calculating the 
compressible f l o w  f i e l d  fn regions. where the deviatians of the pressures 
from the  free-stream  conditions are  e m d l  is given in detail. 

I 
I 

INTRODUCTION 

In the design of propellers having a i r f o i l - t m  shmks, an a c c h t e  
knowledge of the velocit ies and directians of the a i r  flow in the region 
of the  spinners is necessary if  the possible  gains from such designs are 
actually t o  be realized. P a r t  of the induced flaw is contributed by ' the 

The remainder, which in any cam is d&e main par t   fo r  the very imgortant 
* propel ler   i tsel f ;   th is  part will not be t reated in the present study. 
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high-speed-flight  condition  is  contributed  by the body; it accordingly 
becomes  inportant  to  be  able  to  calculate  the Flow about a cowling 
configuration in the  neighborhood  of the spinner. 

A number of studies  exist  which  describe  satisfactory methods for 
computing the flow about  simple  closed  bodies  of  revolut5on  at  zero 
incidence  (references 1 to 5 )  Corresponding  calculations for an open- 
nose  body  (which a m  desirable  for a rotating  cowllng,-the type of 
cowling In which  the  forward  part  rotatee with the  propeller) are much 
more difficult,  and the procedure  suggested  in  reference 6 ,  frr which a 
distribution  of  source  and  dortex  rings  must  first  be  sought  that-  will 
adequately  represent the cawling, seems very  unattractive with reganl 
to computational  tedium. For the more  important and very much more 
difficult  case  of  the  cowling-spinner  combinations,  in  which  two 
separate bodies, the cowling and t he  spinner,  contribute to the field, 
no solution has yet been offered. The flow  about  open-nose  inlets 
and cowling-spinner  canbinations at zero  incidence,  however, may be 
calculated  without  excessive  effort-if, in addition  to the specified 
body  shapes,  the  velocities  along t h e  body surface8 are-also given. 

Surface  velocities may be  obtained f o r  a range of  cowling-spinner 
combinations and open-nose  inlets  at a large-number  of--inlet-velocity 
ratios  from two recent  publications  (references 7 end 8). The present 
paper describes a way in  which  these  data  and  the data of  reference 9, 
which gives In &tail the flow field of a ring vortex,  can  be used 
to  campute the desired  cowling  flow  fields. In addition, t h e  paper 
shows ganerally how the f low meld about an unyawed body of revolution 
can  be found if  its  pressure  distribution  is hown and presents t h e  
data  of  reference 9 in a somewha-tmore convenfent  form. 

D maximum  cowling  diameter 

M Mach  number Fn undisturbed stream 

2 static  pressure 

static  pressure in undisturbed stream 

P 

s, m c  pressure  in  undisturbed  stream 

* I  

* .  
I 

r radial ordinate of point. in Pield,  measured  from a x t s  of  symmetry 
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-* r' radius of ring vortex 

S distance along cowling  meridian 

8' distance along spiDner meridian I 

u axial  lnduced  velocity  ccanponent 

U* a induced  velocity  cnmpoqent for a r h g  vortex of radiue r' 
and strength 2m' 

v 

vw 

X 

a 

7 

B 

radial induced  velocity  c-onent 

radial induced  velocity component f o r  a ring vortex of radius r' 
and strength 2rcr ' 

axial  distance  from ring vortex  to point in field 

inlet-velocity  ratio,  ratio  of average velocity of f l o w  in inlet 
t o  velocity in undisturbed stream 

flaw-speed ratio,  ratio  of  locaL f l o w  speed at  point in f i e l d  to 
velocity in undisturbed stream 

THEORY 

I 

! 

I 
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I 
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The irrotational  motion  of an incompressible f luid may be 
regarded as due to a vortex sheet on t he  boundary (reprence 10). In 
partic-, for an symmstric b e  fn a uniform flow to 
its  axis, the vortex sheet is simply a distributfon of ring  vortices along 
the  suface having their 8x8s coincidfng w i t h  t h e  body axis. Since for 
such a representation  it  can be shown that zero flow m e t  exist at all 
points within the body itself  (reference ll), it follows that the local 
muface velocity  at any point on the body is  equal to the local linear 
density  of-vorticity in the diatrlbutian of ring vortices. 

1 
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Accordingly, once the sur9ace velocity  distribution  has been deter- 
mined f o r  an &- symmetric body in a unif o m  flow para l l e l   t o   i t a  
exis, the corresponding surface  distribution of ring vortices is given 
FmmedLately, Etnd the. determinatton of the perturbatian f low velocity a t  
any point in the neighborhood of the body reduces to  an integration- 
of the velocit ies due t o  ring vortices. 

For a r b g  vortex the axial and radiz€l induced velocity ccanponents u 
and v, rewectively, are glven by 

xhere 7 is the strength of the ring vortex and u* and are the 
induced velocity  cmponents for a ring vortex of any radius r f  and 
corree-p~nding strength 2m' (or of unit MUB and st rength  a). 
Charta of u*  am^ b~ as functions of x/r r/rt (replothd 
from reference ,g) are shown in  figures 1 and 2. Quantikative values 
of u* and may be obtained from figures 3 and 4 which  were 
conetructed from tablea i r x e f   e m c e  9. As may be seen by examination 
of figure 1, f o r  a rlng vortex  rotating as indicated, the si-6 of u* 
~ n d i c a t e ~ i n  figure 3 are the game for positfve d u e s  of x/rr as for 
negative ones. From figure 2 it may be seen that, for a r ing vortex 
rotating as indicated, the a i m  of + in figum 4 are correct as 
shown for point6 i n  the f i r s t  and fourth quadrants  with  respect t o  the 
ring vortex, considering the origin to be on the vortex =is, and are 
of opposite sign in the second md thi rd quadrants. For a ring vortex 
whose sense of rotation is  oppos-ite- t o  that indicated, of course, the 
signs are reversed fo r  both u* and e. 

* *  

Incompressible flaw.- The local flow-speed r a t i o  V2 /V - t h e  

flaw. angle 16 a t  any point Q i n  t h e  field of a cowling-spinner 
combfnation at  zero Incidence are given by 

. 
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. 

where 

The wantities ds and ds' are Fncremsnts 
cowling and apinner mekldiane, respectively. 

of arc  lengt;hs'along the 
.The limit s1 refers t o  

the point on the bmer surface of the cowllag far thest  downatream 
from Q, s2 t o  the point on the F t e r  hate of t h e  cowling far thest  
downstream from Q, .a1' to the point at  the t i p  of the spinner, 
and s2' t o  the  point 0 n . t h e  Burface of the  spinner  farthest downstream 
from Q. The integration nay be performed graphically, by plotting 
TS VS - u* --e 
TO - and 7 ELgainst s and s and msasuring the axeas under VO 
21tr I 2xr 
the curves, or it may be performed numerice3ly. Fhmerical methods of 
.integration generally are considerably more rapid if many points of 
t h e  f low f ie ld   a re   to  be calculated.  For  either system of fntegration 
the #Mace  veloci ty   ra t ios  T&/T~ must be evaluated at  a n-r of 
polnts R on the cowling and spinner Burfaces and u* and VW must 
be evaluated a t  Q for the same points R. Z r a u a l l y  a t o t a l  of about 
30 points is adeqwte; hawever, the actual nmtiber and location of. the 
points R depend upon the location of Q &nd upon the ahape of the 
aurface.velocity  distribution. AII exemgle of a cowmg-spimner 
combination w i t h  typical  locations for the points R is ahown in 
figure 5. 
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For- B T ~  NACA 1-ser ies cowling-spinner combination the values of Vs/Vo 
for   points  R on the cowling nose, an the outer  surface of the cowling, 
and on the surface of the sp-r may be calcuhted frm reference 7, 
where the corresponding  pressure  distrtbutions are given, by the  relation 

For  points R on the inner surface of-Ghe cawling sad on the rearward 
extension of the spinner within the couling, the  surface  velocities may 
be estimated on the basis of one-dimensional flow from the known annulus 
area and the  given  inlet-velocity  ratio. 

V a l u e s  of u* asd + at Q for  the  various points R may be 
read. from figures 3 and 4. As the diwbnce between Q and R increases, , 

the values of u* and rapidly approach  zero; themfore, high 
accuracy i n  the values of VslVo beyond about 1 cowing diameter from Q 
is  quite unnecessary and, in any case,  the  effect of points R beyond 
about 3 cowling diameters from Q m y  be neglected. 

If the polnt Q is very close to the suTface, the  values o e  u* 
and v+ corresponding t o  the nearest ring vortices becolne very large, 
and rather  careful work is  required to maintain- adequate  accuracy of 
the final result. Normally, however, t h i s  problem does not arise; the 
flow a t  the surface itmlf 'is presumably already Imown, and linear 
interpolation between the 8urface and the neaPest point  for which accurate 
results can readily be cdculated should be adequate. 

Compressible flow.- For a cowling-spinner  combination  with an in le t -  
velocity r a t i o  of approximately unity, the capress ib le  flow at  a 
point &, i n  a region where the deviations- of the pressures from the  free- 
stream conditione are small, may be estimated by t h e  Prandtl-Glauert 
r u l e  (one development- of which Ys given In reference 12) as follows: 

(1) The coordinates of the cowling and spinner are stretched 

(2) The incremental  velocities ut/v0 and v'/v0 in t he  

e t r e m  asd r&did  directione,  respectively, are  obtained f o r  incomgres- 
sible  f low  for the stretched body by the method outlined in the 
preceding  section. 

(3) The incremental  velocities of the unstretched body i n  
comgreesible flow are calculated from the corresponding  incremental 
velocities  obtained Fn step (2) by the equations 

- .  

I 

. . -  
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v v'/vo 
TO" 
" 

(4) The flw-speed ratio and flow =@;le are given by the E- 
equations a s  those w e d  in t he  preceding  section. 

At the present time no method  exists  whereby the compressible  flow 
about a three-dimensional body mag be obtalned from the incomgres8ible 
flow in a region where t he  deviation  of the pressures f r a m  t he  free- 
stream  pressure  is large, nor are there  available any experimental data 
on ccrmpressible-flow  fields for three-dimensional bodies. . .  

u uyvo 
Vo 1 - M2 - =  

4 

t 

The flow fields of several NACA 1-series  cowllng  configurations  in 
essentially  incomgressible flow (M = 0.13 1 were determined experbentally 
in reference 13 by the use of  bisecting  centerplates WrrFtd w i t h  the f l o w .  
("he NACA 1-ser ies ordinates and a n  explanation of the  designation  system 
are given Fn reference 14.) The flow-speed  ratios Vz/Vo in the  vertical 
p b e  of symmetry were obtained from pmss~re orifices in~ta3led on 'me 
side  of  he plate,  an^ the flow anaes $ were obtained from tufts 
installed oz1 the other  side of t h e  plate. 

The method of the  present  paper was used to ca lcu la te  values 
of vz/v0 $ in typical  propem**  locations of three of. these 

NACA 1-series cowling-spinner  combinatiana and me ITAM 1-aer ies  open- 
nose inlet, and these calculated results are ccqared  in figure 6 with 
the  re-ts Obtahed experFmantallg in reference 13. The agreement of 
the  calculated values of Vz/Vo wfth the  experimental  values  is  within 
0.02?To at all points in the fields  where the comparisons were  made. 
The agreement  of the theoretical and experimental flow angles is ~ J - E o  
good at  distancee  greater than about 25 percent of t h e  ruaxirmnn ccrwllng 
diameter  from  the  cowling nose; but nearer the  cowling nose, where  it 
was more difficult to get accmte msasurements of the high flow angles 
with the  tufts,  the  agreement  is  not as Close. However, a positive 

I 

! 

-. . 
. .  
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check of the  method  is not essantid  for this  particular  application 
. because,  as  pointed  out in reference 13, propeller  design  is  relatively 
insensitive to &derate  variatinns in r a c ~ ~ ~  flaw -ea. 

The method of the  present  paper is theoreticaUy  exact only for 
axially  symmstric  bodies  at  zero angle of  attack. To obtain a a  approx- 
Fmation  to the f l o w  characteristics for an axially  symmstric  body  at an 
ELngle of attack,  however, the flaw8 In the fields of the same HACA  1-series 
cow- configuration  mentioned  above  were  calculated for loo angle of 
attack using the  velocity  distribution on the  top of a cowling  to  obtain 
the perturbation  velocities  for  the  top, and using the velocity  distribution 
on the  bottom  of the cowling  to  obtain the perturbation  velocities for 
t he  bottom.  Actually,  this  procedure  neglects  the  effects  of the 
circumferenti~'variations of surface pressures on the flow  characteristics. 

The comparisons  of the flow  characteristics  calculated by t h i s  
approximate  -method with the r e m t s  obtained experimentally a r e  shown in 
ffgure 7. The agreemnt of t h e  calculated and experimental  refnzlts  at 
radii  greater than the maximum cawling  radius  is  satisfactory. At 
distances  nearer t h e  axis of symmetry, t he  calculated  flow-speed  ratios 
generally are somwhat less than the experimsntal values on top  of the 
a i s  of symmetry and are somewhat-higher than the experimental values 
below the axis of symmetry; the- differences  between the calculated flow 
angles and the measured flow angles vary erraticdly  near the nose. 

The diameters  of the cowlings  and  spinners  were  not  increased by t h e  
displacement thichesses of the boundam lagers in' these CdculatiOnS; 
perhaps  this refinement would Bave yielded  cloaer  agreement. In the  case 
of t h e  cowling at an angle of attack, it  is  reaeonable to believe  that  as 
the angle approaches zero t h e  calculated  results will compare more  
favokbu with the experimental d u e s .  

Langley Aeranautical  Laboratory 
Nationel Advlsory Comnittee f o r  Aeronautics 

Langley Field,  Va. 

t 
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figure I - 
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Dkecfion 
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vortex 
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c 
figure 2- Lines of  constant rdiul veiocify compnenf v* for a ring vorfex 

of rudus r ' and sfrengfh. 2 .n r '. 
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(a) MACA l - 7 O - l O O  oowling with 
MACA l-,$O-&O spinner; 0.m 
upstream from in l e t ;  

Figure 6 . -  Comparison of flow characteristica calculated 
by theoretical method with  values  obtained  experimentally; 
Q = 0' . (Circles  indicate  points  at which calculated. and 
experimental resul ts  a r e  compared.) 
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( c ) NACA 1-70-050 00~1ing  W i t h  (d) NACA 1-55-100 cowling w i t h  
NACA 1-40-040 spinner; 0.1~ no spinner; 
upstream f r o m  i n l e t ;  from inlet; 

v, ' vi = 0.51. 

Figure 6 .- Continued. 
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VL& B, 
r b  

Calc . Calc. f B p .  - &pa 
0.8 
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( e )  NACA 1-55-100 cowling with no 
spinner; 0 . b  downstream 
from in l e t ;  2 = 0.52. 

vo 

Figure 6 . - Concluded . 
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- 0.99. vi - 
lD 

ups treani 

Figure 7.- Comparison of flow characteristics  caloulated by 
approximate method w i t h  values  obtained  experimentally; 

, a- = 10'. (Circles  indicate  points  at which calculated 
and experimental results  are compared.) 
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Figure 7.- Continued. 
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